Background {#Sec1}
==========

Rapeseed cake (RSC) or meal is the by-product of oil extraction from seeds and is mainly composed of proteins, lignocellulosic fibres and minerals \[[@CR1]\]. Rapeseed has become the world's third largest source of vegetable oil after soy and palm. China produced about 8.2 million tons of rapeseed cake/meal in 2013, only a small part of which qualifies as double-low rapeseed meal (i.e. low erucic acid and low glucosinolate (Gls)). Rapeseed cake/meal, a good protein resource for animal feed, has an excellent balance of essential amino acids and is relatively high in sulfur-containing amino acids. However, the digestibility of RSC for non-ruminant animals is poor due to the presence of anti-nutritional substances such as Gls, phytic acid, tannins etc. \[[@CR2]\]. The main toxic compound in the rapeseed meal is Gls. Glucosinolates and its degradation products impair palatability, affect liver and kidney functions, and interfere with iodine availability \[[@CR3]\]. The feed ratio of rapeseed meal as protein source remains at lower percentages than that of soybean meal since, most likely, its high content of other anti-nutritional components, such as phenols, phytate and fiber, as well as its lower lysine bioavailability \[[@CR4]\]. Moreover, rapeseed proteins are not easily digested compared to other protein rich materials such as fishmeal or soybean meal rendering them less valuable \[[@CR5]\].

Various processing techniques, including inactivation of myrosinase, steam stripping, solvent extraction and leaching, etc., have been applied to improve the quality of rapeseed meal, but these methods have several drawbacks such as loss of proteins, cost and commercial unfeasibility, and environmental pollution \[[@CR6]\]. Microbial upgrading the quality of rapeseed meal/cake has been researched for a long time. Solid state fermentation (SSF) is the preferred method for the enrichment of agricultural residues since it offers several economical and practical advantages. The SSF systems have been reported to be an effective way to reduce undesired substances of rapeseed meal including phytic acid, Gls and fiber \[[@CR6]-[@CR8]\].

In the present study, SSF was employed to investigate the effect of *A. niger* fermentation on reduction of Gls content of RSC. The chemical composition and amino acid *in vitro* digestibility of FRSC were also assessed under optimal fermentation conditions.

Materials and methods {#Sec2}
=====================

Microorganism and basal substrate {#Sec3}
---------------------------------

*A. niger* is often used in feedstuff fermentation and has no harmful effects on animals in China. *A. niger* (CICC 41258) was purchased from China Center of Industrial Culture Collection (CICC) and maintained on potato dextrose agar (PDA) slants at 4°C and transferred once every two months. *A. niger* spores were washed from 7-days agar slants with 0.1% Tween 80. The concentration of spores grown in PDA flasks was counted by using a counting chamber.

Rapeseed cake used in the study was obtained from local market in Ya'an, China. The wheat bran was purchased from NanFang Flour Co. Ltd., and RSC and wheat bran were dried in an oven at 105°C to constant weight. Then, they were ground to pass a 40-mesh sieve.

Solid state fermentation {#Sec4}
------------------------

The experiments were conducted in 250 mL Erlenmeyer flask covered with cotton plugs to facilitate air transfer. The substrates containing RSC and wheat bran, which is beneficial for microbial growth, were sterilized subsequently at 121°C for 20 min, cooled and inoculated with 3 mL spore suspension (1 × 10^7^ spores/mL) of *A. niger*, an uninoculated flask served as control. The samples in flasks were incubated at 30°C for 72 h. After fermentation was completed, inoculated samples were dried at 65°C for 48 h, cooled and ground to pass a 40-mesh sieve for related index determination. Three replicate were prepared for each treatment. All treatments were carried out in two sets.

Optimization of fermentation process during SSF {#Sec5}
-----------------------------------------------

Factors including substrate composition, fermentation temperature, incubation time and initial moisture content (IMC), affecting the Gls levels of RSC under SSF, were optimized by adopting a search technique varying parameters one at a time. The experiments were conducted in 250 mL Erlenmeyer flasks containing 30 g basal substrate, 3 mL spore suspension (1 × 10^7^ spores/mL) of *A. niger* was inoculated, pH value was at the nature condition, various experimental conditions are described as follows:

The ratio of RSC to wheat bran: five ratios of RSC to wheat bran (9:1, 8:2, 7:3, 6:4, 5:5) were investigated to study their effects on the Gls contents in RSC. Other conditions were moisture content of solid substrate 50% and incubation at 30°C for 72 h.

Fermented period (hours): various incubation periods (24, 36, 48, 60, 72, 84 and 96 h) were used to evaluate the effects on degradation of Gls in RSC. The fermented solid medium contained RSC 70% and wheat bran 30%, the fermentation was carried out at 30°C.

Incubation temperature: the fermentation was carried out at various temperatures (25, 28, 31, 34 and 37°C) for 72 h to study their influence on degradation of Gls in RSC. All other conditions were kept at optimum levels.

Initial moisture content (IMC): the fermentation was carried out under various IMC (43.0%, 50.0%, 56.0%, 62.0% and 67.5%) with all other parameters kept at their optimum levels.

Main nutritional components assay {#Sec6}
---------------------------------

Total Gls was determined according to the palladium chloride \[[@CR9]\]. Unfermented RSC and FRSC were analyzed for dry matter, crude protein (CP), ether extract and neutral detergent fiber (NDF) by AOAC International (1990). The trichloroacetic acid soluble protein (TCA-SP) of sample was determined by Ovissipour et al. \[[@CR10]\]. The phytic acid content was measured according to the procedure of Nair and Duvnjak \[[@CR11]\]. The amino acid (AA) profile of FRSC and unfermented RSC were analyzed using an automatic AA analyzer (L-8900; Hitachi, Tokyo, Japan). Before analysis, samples were hydrolyzed with 6 mol/L HCl at 110°C for 24 h. Methionine and cysteine were analyzed as Met sulfone and cysteic acid after cold performic acid oxidation overnight before hydrolysis.

*In vitro* digestibility determination {#Sec7}
--------------------------------------

*In vitro* two-stage enzyme hydrolysis procedures were carried out as described by Sakamoto et al. \[[@CR12]\], with some modifications. In brief, fermented (or not) RSC substrate (5 g) were placed in 250 mL Erlenmeyer flasks. Thirty mL of a 10,000 U/mL pepsin (activity: 3,000 U/mg, Sigma) solution (0.05 mol/L KCl-HCl buffer, pH 2.0) was blended evenly, incubated at 39°C at 80 revolutions per min for 4 h. Then pH was adjusted to 7.0 with 0.2 mol/L NaOH and 30 mL of 625 U/mL trypsin (activity: 250 U/mg, Sigma) added, blended again, and finally incubated at 39°C at 80 revolutions per min for 4 h. After digestion was complete, the digesta suspension was centrifuged at 2,047 × g for 15 min, the residues were then frozen, freeze-dried and analyzed for subsequent amino acid assay.

Enzyme activities in the fermenting meal during solid state fermentation {#Sec8}
------------------------------------------------------------------------

The crude enzymes from the cultured media were extracted with 0.05 mol/L citrate buffer (pH 5.0) and filtered using filter paper. The extract was centrifuged at 10,000 × g for 10 min at 4°C and the supernatant were used as crude enzyme source. Endoglucanase activity was determined using 1% carboxymethyl cellulose in a pH 5 sodium citrate buffer \[[@CR13]\]. Xylanase activity was measured by the method of Bailey et al. \[[@CR14]\]. One unit of enzyme was defined as the amount of enzyme required to release 1 μmol of glucose for endoglucanase and xylose for xylanase from the appropriate substrates per minute under assay conditions. Phytase activity was measured using sodium phytate as the substrate as described by Harland and Harland \[[@CR15]\]. Phytase activity was determined was defined as the amount of enzyme required to release 1 mg inorganic phosphorus per hour at the given temperature. Acid protease activity was determined using 2% hemoglobin dissolved in glycine-HCl (pH 3.2, 0.1 mol/L) as substrate, as reported earlier \[[@CR16]\]. A unit of acid protease activity was defined as the amount of enzyme liberating 1 μg tyrosine per minute at the incubation temperature of 40°C.

Statistical analysis {#Sec9}
--------------------

One-way analysis of variance was performed using the General Linear Models Procedure of the SAS software (SAS, 1999). Differences among means were tested using Duncan's multiple range tests. Differences between two means were tested using Student's T-test. A significant level of 0.05 was used as indication of a difference.

Results {#Sec10}
=======

Optimization of fermentation process on biodegradation of Gls {#Sec11}
-------------------------------------------------------------

Five ratios of RSC to wheat bran (5:5, 6:4, 7:3, 8:2 and 9:1) were used to study their effects on the degradation rate of Gls in RSC (Figure [1](#Fig1){ref-type="fig"}A). When the ratio was 6:4 or 7:3, *A. niger* cell grew well and degradation rate of Gls significantly higher (*P* \< 0.05) than 5:5. When RSC content increased to 80% or 90%, both filamentous fungi growth and the degradation rate of Gls (36.98% and 31.97%) markedly decreased (*P* \< 0.05). The above results showed the optimum ratio of RSC to wheat bran in solid medium was 6:4 or 7:3. Fermented medium containing 70% RSC was selected and used for subsequent studies.Figure 1**Effect of fermentation conditions and composition of meal on the reduction of Gls levels. (A)** the ratio of RSC to wheat bran; **(B)** the temperature; **(C)** the incubation time; **(D)** the initial moisture content (IMC).

The optimal temperature for the degradation rate of Gls was found to be 34°C (Figure [1](#Fig1){ref-type="fig"}B), indicating this temperature being favorable for *A. niger* growth in RSC medium. The degradation rate in FRSC was 69.16% at 34°C, markedly higher (*P* \< 0.05) than at 28°C and 31°C, but there was no significant difference (*P* \> 0.05) with FRSC at 37°C.

Studies found that the Gls was different during the changes of fermentation periods. After 24 h incubation, the degradation rate of Gls was 32.45%, with the fermentation prolonged, the degradation rate of Gls increased. The maximum degradation rate (76.84%) was attained at 72 h (Figure [1](#Fig1){ref-type="fig"}C), but there were no significant difference (*P* \> 0.05) in degradation rate between 48 and 72 h incubation. 72 h incubation time was selected for subsequent studies.

The water content of the substrate plays an important role in both microorganism growth and enzyme production in SSF. Figure [1](#Fig1){ref-type="fig"}D showed the substrate containing 60% moisture achieved the degradation rate of Gls at levels of 76.89%. The optimal IMC for degradation rate of Gls appeared to be 50--60%. Initial moisture content (IMC) above 60% or below 50% both markedly decreased (*P* \< 0.05) the degradation rate of Gls.

Changes in chemical composition during solid state fermentation {#Sec12}
---------------------------------------------------------------

In the present study, after 72 h of incubation at 34°C, the TCA-SP of FRSC was 15.93% at IMC 60% (Table [1](#Tab1){ref-type="table"}). Compared to unfermented RSC meal, the TCA-SP of FRSC increased (*P* \< 0.05) by 104%. The CP content of FRSC was significantly higher (*P* \<0.05) than the unfermented RSC except for the 1-d time point. The ether extract contents in 1--3 d FRSC were significantly higher (*P* \< 0.05) than those in unfermented RSC. Compared to the unfermented group, the NDF contents was reduced (*P* \< 0.05) by 9.12% after 3-d fermentation with *A. niger*, but there were no significant difference (*P* \> 0.05) between 1-d FRSC and unfermented group. After 3 d fermentation with *A. niger*, phytic acid content in FRSC was reduced (*P* \< 0.05) by 44.60%.Table 1**Effect of** ***A. niger*** **fermentation on components of rapeseed cake, as-DM basis** ^**1**^**Contents, %ControlFRSC** ^**3**^**SEM** ^**4**^**Incubation time(RSC)** ^**2**^**1d2d3d**Crude protein31.84^c^33.70^bc^38.05^ab^39.17^a^1.11TCA-SP^5^7.82^d^9.69^c^12.48^b^15.93^a^0.94Ether extract5.14^c^5.72^b^6.07^ab^6.35^a^0.14NDF38.39^a^38.52^a^34.19^b^34.89^b^0.68Phytic acid2.78^a^2.78^a^2.55^b^1.54^c^0.15^1^Values are means of three replicates per treatment. Means in a row with no common letters differ significantly (*P* \<0.05).^2^RSC = rapeseed cake.^3^FRSC = fermented rapeseed cake.^4^SEM = Standard error of the mean.^5^TCA-SP = trichloroacetic acid soluble protein.

Amino acid assay of FRSC {#Sec13}
------------------------

Changes in AA content induced by fermentation are presented in Table [2](#Tab2){ref-type="table"}. The CP content of the FRSC was markedly improved by 73.3 g/kg DM, compared to the unfermented group, and the total amino acids (TAA) and essential amino acids (EAA) of fermented substrate also increased by 63.2 and 26.1 g/kg DM, respectively (Table [2](#Tab2){ref-type="table"}). Compared to the control, the levels of methionine and threonine were improved (*P* \< 0.05) by 2.26 and 4.95 g/kg DM, respectively, after fermentation, but there were no significant difference (*P* \> 0.05) in lysine between unfermented RSC and FRSC. However, the histamine content of the FRSC was reduced (*P* \< 0.05) by 3.32 g/kg DM.Table 2**Crude protein (CP) and amino acid (AA) content of RSC or FRSC** ^**1**^**NutrientsControl (RSC)** ^**2**^**FRSC** ^**3**^**SEM** ^**4**^CP318.40^b^391.70^a^11.10Ala15.29^b^20.02^a^1.13Arg\*10.96^b^14.95^a^0.97Asp20.18^b^28.59^a^1.94Cys5.96^a^7.63^b^0.86Glu59.7366.321.98Gly15.96^b^19.85^a^1.02His\*18.53^a^15.21^b^0.99Ile\*10.67^b^14.84^a^0.98Leu\*18.74^b^24.70^a^1.37Lys\*17.2917.841.28Met\*4.60^b^6.86^a^0.58Phe\*12.52^b^18.02^a^1.27Pro18.33^b^23.06^a^1.28Ser13.90^b^17.91^a^0.93Thr\*13.32^b^18.27^a^1.14Tyr5.97^b^9.60^a^0.92Val\*16.02^b^21.87^a^1.38Total AA277.95^b^345.54^a^14.39Essential AA122.64^b^157.56^a^6.84^1^Values are means of three replicates per treatment. Means in a row without common superscript differ significantly (*P* \<0.05). Crude protein and amino acid contents are expressed as g/kg DM.^2^RSC = rapeseed cake.^3^FRSC = fermented rapeseed cake.^4^SEM = Standard error of the mean.^\*^The amino acid is an essential amino acid.

*In vitro* amino acid digestibility of FRSC {#Sec14}
-------------------------------------------

The results of *in vitro* AA digestibility of RSC fermented by *A. niger* are presented in Table [3](#Tab3){ref-type="table"}. *In vitro* TAA and EAA digestibility of FRSC was improved (*P* \< 0.05) by 5.87 and 6.69 percentage units respectively, compared with unfermented substrate (control). In addition, the *in vitro* digestibility of nine amino acids including four essential amino acid (methionine, lysine, arginine and histamine) was also improved greatly (*P* \< 0.05).Table 3***In vitro*** **AA digestibility (%) of RSC fermented by** ***A. niger*** **, as-DM basis** ^**1**^**ItemsRSC (Control)** ^**2**^**FRSC** ^**3**^**SEM** ^**4**^Ala62.46^b^68.15^a^1.44Arg\*73.96^b^79.52^a^1.36Asp69.0370.390.54Cys71.68^b^76.83^a^1.30Glu75.6078.280.76Gly62.40^b^65.79^a^0.91His\*66.47^b^70.19^a^1.99Ile\*66.1963.601.03Leu\*61.2266.381.56Lys\*71.20^b^78.61^a^1.70Met\*76.42^b^82.24^a^1.43Phe\*66.1469.162.80Pro56.58^b^64.01^a^1.76Ser59.45^b^65.87^a^1.62Thr\*59.8963.951.22Tyr58.97^b^63.75^a^1.28Val\*65.0667.261.00Total AA67.14^b^71.08^a^1.09Essential AA64.90^b^69.24^a^1.20^1^Values are means of three replicates per treatment. Means in a row without common superscript differ significantly (*P* \<0.05).^2^RSC = rapeseed cake.^3^FRSC = fermented rapeseed cake.^4^SEM = Standard error of the mean.^\*^The amino acid is an essential amino acid.

Enzyme production during solid state fermentation {#Sec15}
-------------------------------------------------

Multiple enzymes are required to eliminate the anti-nutritional components and improve the protein quality in the RSC. Several enzyme activities (endoglucanase, xylanase, acid protease and phytase) of 1--4 day fermented RSC by *A. niger* were determined (Figure [2](#Fig2){ref-type="fig"}). With the fermentation prolonged, endoglucanase, xylanase, acid protease activity also increased (*P* \< 0.05) from 24 to 96 h. After 3 day's fermentation, maximal phytase protuction (1.79 unit/g) in FRSC was obtained, and then phytase activity of 4 d-FRSC markedly decreased (*P* \< 0.05).Figure 2**Endoglucanase, xylanase, acid protease and phytase activities in the fermenting meal during SSF.**

Discussion {#Sec16}
==========

Rapeseed meal has a high protein content (about 35%) with an excellent balance of essential amino acids, but its use in animal feed is generally limited by the presence of toxic or indigestible components including Gls, phytic acid, some ethanol-soluble carbohydrates and polyphenols \[[@CR8]\]. Major deleterious effects of Gls ingestion in animals are reduced palatability, decreased growth and production. Therefore, a desired amount of RSC can be used for animal feed formulation adopting a suitable technology to minimize Gls-related deleterious effects on animal \[[@CR3]\]. The use of solid-state fermentation for upgrading the nutritional characteristics of raw plant materials has been proposed to improve their use in animal feeds. The present results showed that Gls content in FRSC was markedly influenced by the medium composition and incubation conditions. When the fermentation substrate was 100% RSC, *A. niger* grew very slowly (data not shown). The ratio of carbon to nitrogen (C/N) in RSC might not be a suitable level for the growth of *A. niger*. Wheat bran, as a carbon sources, is beneficial to loosen solid medium and overcoming the agglomeration of the substrate \[[@CR17]\]; therefore, suitable ratio of wheat bran was necessary to support better microbial fermentation. In the present study, optimum ratio of RSC to wheat bran was 7:3 or 6:4 for the degradation of Gls of FRSC. In addition to composition of fermentation substrate, several fermentation conditions included IMC, temperature and incubation time, affected biodegradation rate of Gls. In the previous study, a 40-h fermentation with *Rhizopus oligosporus* resulted in the degradation of 47% of total Gls in RSM \[[@CR8]\]. Rakariyatham and Sakorn \[[@CR18]\] showed that 100 μmol/g of Gls was totally degraded by SSF with *Aspergillus sp.* NR-4201 in 48 h. In the present study, maximal biodegradation rate of Gls was 76.89% at optimal fermented conditions. The degradation of Gls may be due to utilization of glucose and sulphur moieties of these compounds by microbial enzymes \[[@CR3]\].

*A. niger* fermented RSC also exhibited an increase in TCA-SP, CP and ether extract with an increase in incubation time. Trichloroacetic acid soluble nitrogen, which is assumed to consist only of small peptides (2--20 residues) and free amino acids \[[@CR19]\], is easily absorbed in the animal\'s gut system. In the present study, the TCA-SP of FRSC also significantly increased with the fermentation prolonged. Solid stated fermentation with *Aspergillus oryzae* had been conducted to convert rapeseed meal proteins into free amino nitrogen \[[@CR4],[@CR5]\]. An increased amount of TCA-SP in FRSC is due to partial digestion of large-size peptides in RSC by proteases secreted by *A. niger* during fermentation. The loss of dry matter at the expense of fermentable sugars during fermentation could be a possible reason for an increase in nitrogen \[[@CR8]\]. Hong et al. (2004) demonstrated that crude fat contents in soybeans and soybean meal also increased after A. *oryzae* fermentation \[[@CR20]\]. The increases in fat contents may be partly caused by the decreased carbohydrate content after fermentation. Carbohydrates in RSC may be used as substrates for energy and synthesis of fatty acids.

After fermentation for 72 h, except for Gls, other anti-nutritional compounds including NDF and phytic acid in FRSC also markedly declined. This result also was confirmed by several authors. Vig and Walia (2001) investigated the effect of R. *oligosporus* fermentation on the components of rapeseed meal. The results showed that glucosinolates, phytic acid and crude fiber were reduced by 43.1%, 42.4% and 25.5%, respectively, after fermentation \[[@CR6]\]. Wang et al. (2012) used composite strains to eliminate the anti-nutritional substances in rapeseed meal, the phytic acid and crude fiber were reduced by 28.3% and 66.2%, respectively \[[@CR21]\]. In the present study, the reduction of glucosinolates, phytate and NDF by fermentation might due to the production of relevant enzyme by *A. niger* which cause the breakdown of anti-nutritional substrates.

Since crude protein increased after fermentation, the amino acid content of fermented RSC would also be increased except His. Khalaf and Meleigy (2008) reported that total amino acids (TAA) and essential amino acids (EAA) of fermented cottonseed meal increased by 22.4 and 9.6 g/kg DM, respectively \[[@CR22]\]. In the present study, they were increased by 62.58 and 29.92 g/kg DM, respectively. These changes may be attributed to higher increase in protein content (73.3 g/kg DM) in our study than that by Khalaf and Meleigy (2008). The histamine content of FRSC was reduced by 3.32 g/kg DM, which may be attributable to the preferential utilization of histamine by *A. niger*.

An increase in AA digestibility after fermentation in RSC substrate was observed in the present study. The *in vitro* digestible CP and AA of cotton seed meal (CSM) fermented by *C. tropicalis* ZD-3 was increased significantly compared with unfermented CSM \[[@CR23]\]. However, CP and AA digestibility in FRSC is scarce to date. The AA *in vitro* digestibility increase was mainly associated with growth of *A. niger,* which has ability to secrete many extra-cellular degradation enzymes, especially protease.

Since 1990, several papers have described the use of enzymatic hydrolysis treatments (proteases, glycosyl hydrolases) on RSM to increase nutritional value and digestibility \[[@CR24]-[@CR26]\]. The use of RSM as main substrate for phytase, myrosinase producing by *Aspergillus* sp. had been reported \[[@CR27],[@CR28]\]. In the present study, several enzyme activities (endoglucanase, xylanase, acid protease and phytase) of 1--4 day fermented RSC by *A. niger* were determined. With the fermentation prolonged, the activity of these enzymes also significantly increased. An increase in TCA-SP and AA *in vitro* digestibility of FRSC might be caused by hydrolysis of proteins with acid protease from *A. niger*. The decrease of Gls, NDF, phytic acid might be resulted from hydrolysis by relevant enzyme.

Conclusions {#Sec17}
===========

Solid state fermentation with *A. niger* can effectively reduce Gls levels in RSC and increase the TCA-SP, CP, ether extract contents. Furthermore, the *in vitro* AA digestibility was improved via SSF in this study. In our recent study found that the performance and total tract nutrient digestibility was improved for growing pigs fed diet including 10% FRSC compared with unfermented RSC and was similar to the performance obtained with pigs fed corn-soybean meal diet (unpublished data). Therefore, FRSC can be used as a new feed ingredient in animal diet, especially for non-ruminant animals. Our results suggest that the SSF method offers an effective approach to improving the quality of unconventional proteins sources such as the RSC.
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